Introduction
[2] The role of mineral dust in the atmosphere is becoming more important because of its impact on global climate change [Sokolik and Toon, 1996; Tegen et al., 1996] . To address this issue, international research projects have been carried out [e.g., Huebert et al., 2003; Mikami et al., 2006] . However, many uncertainties remains regarding (1) the direct effect of the scattering and absorbing of solar radiation and the indirect effect of modifications of cloud physical and radiative properties and precipitation processes [e.g., Kaufman et al., 2002] , (2) the magnitude of nutrient and minerals losses from the land, (3) ocean ecosystem changes caused by changes in nutrient, iron and organic matter contents [e.g., Uematsu et al., 1983] , and (4) the influence on society and people because of increased traffic and health hazards.
[3] Globally, dust is distributed by various physical processes, namely, saltation, dust emission, long-range transport, and wet and dry depositions. Of these processes, dust emission is the most effective for estimating precisely the amount of suspended dust. Since the 1970s, many dust emission models have been proposed, and it is convenient to categorize these for use. Shao and Dong [2006] classified them into three types, based on the model complexity [Zender et al., 2003] . (1) In a-scheme models, the vertical dust flux F (not necessarily the diffusive dust flux) is parameterized in terms of the power of the friction wind velocity u * [e.g., Gillette, 1977; Gillette and Passi, 1988; Nickling and Gillies, 1989] . (2) In b-scheme models, F is proportional to the streamwise saltation mass flux Q. This scheme comprises clay-content-dependent models [Marticorena and Bergametti, 1995] , empirical models based on the observations [e.g., Nickling et al., 1999] , energy-based models [Anderson, 1986; Shao et al., 1993; Alfaro and Gomes, 2001] , and mass/volume-removal based models [Routbort et al., 1980; Rice et al., 1996a Rice et al., , 1996b Lu and Shao, 1999] . (3) In g-scheme models, three mechanisms are included: (1) aerodynamic entrainment, (2) saltation bombardment (sandblasting), and (3) aggregates disintegration [Shao, 2001 [Shao, , 2004 . While physically precise but complex dust emission models (g scheme) have being developed, these simple models (a and b schemes) are still used in many general circulation models and regional dust simulations [Shao and Dong, 2006; Uno et al., 2006] because of the lack of precise parent soil particle size distribution (PSD) data in a global scale.
[4] Among three mechanisms for dust emission, aerodynamic entrainment does not effectively act on dust particles, because most of dust particles generally aggregate together and/or adhere to the surfaces of sand grains under natural field conditions. Interparticle cohesive and gravity forces bind particles together, in opposition to aerodynamic drag and lift forces [Iversen et al., 1976] . These interparticle cohesive forces become dominant in the case of dust particles because of the large decrease of gravity and aerodynamic forces associated with finer particle sizes [Shao, 2001] . Therefore, to release dust particles into the lower atmosphere additional force able to overcome the interparticle cohesive forces is required. Gillette [1977] , Gomes et al. [1990] , and Shao et al. [1993] have demonstrated from field measurements that sandblasting is the most efficient process providing this additional force. In this process, saltating sand particles strike the ground, breaking the interparticle cohesive forces, and releasing the dust particles [Rice et al., 1996b; Shao, 2001] .
[5] Considering these processes dependent on the PSDs of parent soil, and saltating and suspended particles, Shao [2001] proposed the following dust emission model.
whereF is the dust emission rate for the ith particle group of size D i generated by saltating particles of size D s ; c Y is a dimensionless coefficient; g is a function of u * ; p m (D i ) is the minimally dispersed PSD of parent soil in bin number i; p f (D i ) is the fully dispersed PSD of parent soil in bin number i;Q is the vertical integrated streamwise saltation mass flux of D s ; g is acceleration due to gravity; m is the mass of impacting saltation particle of size D s ; r b is the bulk soil density; h fi is the fully dispersed fraction of dust which can be released from an unit soil for the ith particle size group, which is the sum of the available (minimally dispersed) dust fraction h mi and aggregated dust fraction h ci , namely
and W is the volume removed by an impacting saltation particle of size D s .
[6] The r b h fi W and h ci m in equation (1) are the dust emission components emitted by saltation bombardment and aggregates disintegration of particles of size D s , respectively. Herein, r b W/m, which is the ratio of the mass ejected by bombardment r b W to m, is equal to s m in equation (6) of Shao [2004] ; s m is a function of the soil plastic pressure (hardness of ground surface) and was interpreted as a crust binding force;
It is assumed that p m (D i ) and h ci are related to the aggregation binding force.
[7] The crust and aggregation binding forces are the interparticle cohesive forces leading to suppression of dust emission. It is essential to overcome these forces for dust emission to take place, but there is still uncertainty regarding these two forces owing to difficulties of measurement and complexities of the microphysical mechanisms. With respect to saltation, a number of studies have been clarified the effects of ground surface conditions on saltation [e.g., Chepil, 1956] . As for dust emission, however, until now, the effects of soil moisture or the presence of a physical crust have not been characterized in detail. There is a particular need for more observation data of both saltating and suspended particles of different sizes under different ground surface conditions to update the present dust emission model.
[8] The purpose of this study was to clarify the effects of soil moisture and the presence of a weak physical crust on saltation and dust emission. This study investigated the particle size characteristics of suspended dust and parent soil under uncrusted or weakly crusted dry conditions, in a field, previously cultivated with wheat, that was showing signs of erosion before crust development.
Interparticle Cohesion

Classification
[9] Interparticle cohesion contributes to the suppression of saltation and dust emission. We drew a schematic diagram of interparticle cohesion (Figure 1 ) based on information available in the literatures [e.g., Iversen and White, 1982; Shao, 2000] . In brief, interparticle cohesion results from the combined effects of van der Waals, electrostatic, chemical, biological, and liquid (physical) forces. All of these forces are related to soil properties, such as particle size, particle shape, particle surface texture, soil mineralogy, packing arrangement, and the presence or absence of binding agents such as soil moisture, soluble salts, and cryptogams.
[10] We divided the soil properties relevant to wind erosion into three categories: internal, intermediate, and external factors. Internal factors are related to the soil particles themselves, whereas soil moisture, which is input from outside systems (e.g., rain, snow, and irrigation), is an external factor. Soil moisture is easy to measure, and studies of soil moisture have been conducted since the work of Chepil [1956] . Soluble salts are an example of an intermediate factor, one which is only a weak binding force by itself. However, once salts are dissolved, mobilized, and dried, their binding force strength becomes large and can cause the formation of hard crusts. Cryptogams, such as moss, fungi, and algae, are also categorized as intermediate factor, because they take a long time to grow. The total cohesive force strength depends on the combination of the particle properties, the quantity and state of binding agents such as salts and cryptogams, and the wetness of the ground surface.
Threshold Friction Wind Velocity
[11] The mobilization of soil particles is initiated when u * exceeds threshold friction wind velocity u *t . Q is strongly controlled by u * and u *t , andF is controlled by Q, PSD of parent soil, and ground surface conditions (equation (1)). The determination of u *t is critical for saltation. Bagnold [1941] derived a simple relationship between u *t and the sand particles, based on gravity force and aerodynamic drag. Iversen et al. [1976] studied interparticle cohesive forces acting on spherical particles in addition to the simple relationship described by Bagnold [1941] , and proposed a u *t for the entire particle size range by considering interparticle cohesive forces and aerodynamic lift. They showed that u *t increased with decrease of particle sizes, those less than around 80 mm. Their equation was later simplified for loose, dry, bare surfaces by Shao and Lu [2000] .
[12] The parameter u *t is very dynamic in response to changes in surface parameters such as soil moisture, salt content, surface crust, and vegetation. Pragmatically, these effects of these parameters on u *t are individually and explicitly considered in the following relation [Shao, 2000] .
where u *t (D s ) is u *t for sand particles of size D s in the idealized situation when the soil is dry, bare, and free of crust or salt; and f l (l), f w (q), f sc (sc), and f cr (cr) are the weight functions of surface roughness elements l, soil moisture q (volumetric water content), salt content sc, and surface crustiness cr, respectively. As related to interparticle cohesion, soil moisture, salt content, and surface crustiness are generally measurable parameters. Soil moisture and soluble salts can lead to the formation of a crust when the soil dries [Nickling and Ecclestone, 1981; Rice et al., 1997] . In this study we define ''crust,'' from a macroscopic point of view, as the aggregated state of a dry ground surface.
Soil Moisture
[13] Many studies have reported that as soil moisture increases, Q decreases [e.g., Chepil 1956] , because u *t increases [e.g., McKenna-Neuman and Nickling, 1989; Fécan et al., 1999] . A recent study in the Taklimakan Desert ] used a sand particle counter (SPC) to show that the saltation mass flux q(z) at the reference height z is particle size and soil moisture dependent, and, moreover, that a simple relationship exists between q(z) and wind speed u, and between q(z) and threshold wind speed u t (q). However, many uncertainties still remain regarding soil moisture, relating, for example, to the roles of hygroscopic, low-capillary, crust binding, and aggregation binding forces.
Crusts
[14] Various types of soil crust occur in arid and semiarid regions. We classified soil crusts into physical, chemical, and biological crusts (Figure 1 ). The cement-like or platelike crust, often with cracks, on the clay surface of a dried lake bed is a typical example of a strong physical crust that reduces the wind erosion rate [Gillette et al., 1980] . Rice et al. [1996b] reported that dislodgment of surface particles decreased with increasing crust strength in a laboratory experiment using artificially produced crusts.
[15] In arid environments, soluble salts can form crystallized or cemented chemical crusts. Nickling and Ecclestone [1981] and Nickling [1984] showed that u *t was exponentially related to salt concentration on the basis of wind tunnel experiments. Biological (cryptogamic) crusts are also important. McKenna-Neuman et al. [1996] and McKennaNeuman and Maxwell [1999] tested the surface protection provided by crusts formed by fungi and photoautotrophic microorganisms in a wind tunnel. Leys and Eldridge [1998] demonstrated that cryptogamic crusts effectively controlled wind erosion of both loamy and sandy rangeland soils in their study area. [16] In this study, we examined the weak physical crust that forms as a result of the impact and subsequent drying of raindroplets striking a dry soil surface. These crusts are very weak and can be easily destroyed by touching them.
Methods
Intensive Observation Period
[17] The Japanese Australian Dust Experiment (JADE) is a project launched in April 2005. The project aimed to clarify the link between saltation and dust emission by intensive observation, theory, and modeling. Intensive observation (JADE -Intensive Observation Period (IOP)) was carried out during autumn 2006 (23 February to 13 March) in a fallow field previously cultivated with wheat in Australia.
Site
[18] Our observation site was located at Petro Station (33°50 0 39.3 00 S, 142°43 0 52.3 00 E), 80 km northeast of Mildura, Victoria, in the Murray -Darling River Basin in Australia. This area is known as a ''hot spot'' for dust events in Australia [McTainsh et al., 1990] . The field, which extended about 1 km in the E-W direction and about 4 km in the N-S direction, had been last cultivated in spring 2005 and, at the time of the study in autumn 2006, was already showing signs of major erosion.
[19] The prevailing wind blows from the south, but strong winds sometimes blow from the northwest. To secure a long fetch, the instruments were located 800 m from the western edge and 200 m from the eastern edge of the field. The parent soil was a loamy sand with clay content of close to 13%, silt content of 11.5%, and sand content of 75.5%. There was little vegetation (13% plant litter and stone) in the field, and the surface roughness was small because of the recent erosion. The soil salt content was negligible. No physical, chemical, or biological crusts had formed in this cultivated paddock (or field) before JADE-IOP.
Particle Size Distribution of the Parent Soil
[20] Figure 2 shows the parent soil PSD p m (D) measured under minimally dispersed conditions, sampled at a 0-0.5 cm depth on 13 March 2006. Minimally dispersed measurement is an excellent technique to measure the undisturbed, in situ PSD formed aggregates or coat the sand particles and to identify changes in the finer particle range. This was measured with a Coulter Multisizer particle counter, which analyze the PSD with high resolution and classifies the sample according to 256 particle size classes from 1 mm to the size range of the top class (500-1200 mm) depending on the experimental setting [McTainsh et al., 1997] . The PSD of the parent soil at the size was bimodal with population peaks at 173 and 570 mm as determined by the MIX curve fitting method [Leys et al., 2005] . The coarse 570-mm mode occupied 27% of the distribution.
[21] In contrast, in the more usual method for measuring PSD, the particles are fully dispersed, that is, completely separated by chemically. In relation to dust emission, p m (D) would show the in situ size distribution of particle, which is important to understand the actual dust emission flux, changing by the ground surface conditions. Whereas p f (D) would show PSD fundamentally existed in the parent soil, which might be important to estimate the upper limit of dust emission flux.
Wind Erosion Measurements
[22] To measure saltation, we used an SPC, manufactured by Niigata Electric Co., Ltd. in Niigata, Japan, able to measure the number of saltating sand particles from 38 mm to 654 mm in diameter every second with 32 channels [Yamada et al., 2002] . This instrument has been used previously in the Taklimakan Desert Mikami et al., 2005b; Shao and Mikami, 2005] . In addition, dust emission was measured with a newly developed optical particle counter (OPC), manufactured by YGK Corporation in Yamanashi, Japan . This OPC counts the number of suspended dust particles with 8 channels, 0.3-0.5, 0.5-0.7, 0.7-1, 1-2, 2 -3, 3 -5, 5-7, and >7 mm in diameter, every second. SPCs and OPCs were installed at the same site at different heights: SPCs were placed at 0.05, 0.1, (0.2), and 0.3 m from the ground surface, and OPCs were placed at heights of 1.0, 2.0, and 3.5 m (Table 1) .
Hydrometeorological Measurements
[23] Automatic weather stations (AWS) were installed to measure hydrometeorological data: wind speed, wind direction, air temperature, relative humidity of air, four solar radiation components, soil moisture, soil temperature, raindrop signal and precipitation. The instrument specifications and placement are listed in Table 1 . All instruments were powered by solar panels and a petrol generator. All meteorological and hydrological data were recorded at 1-min intervals.
[24] Time domain reflectometry (TDR)-type soil moisture sensors (CS616, Campbell Scientific Inc.) were set in the soil surface layer at three depths (0.2 -2, 2.5-3.3, and 4.6 cm). Both the CS616 sensor and the earlier model CS615 have been successfully tested in laboratory experiments for use in hyperarid environments [Ishizuka and Mikami, 2005] , and CS615 has also been used in field studies in the Taklimakan Desert . For the sensor calibration, which was done on site, the soil was sampled at four depths (0-0.5, 1.5-2.5, 2.8-3.8, and 4.1-5.1 cm). The gravimetric soil water content w oven of these samples was measured on an oven-dry basis every day during the IOP. A total of 79 samples were tested.
[25] Precipitation was measured by a rain gauge with a resolution of 0.2 mm. In addition, a rain sensor (PPS-01(C-PD1), PREDE Co., Ltd.) was used. Although this instrument cannot measure the amount of precipitation, it can accurately measure the starting time of rainfall. Therefore, the rain sensor is suitable for detecting very small rain events.
Calculation of the Friction Wind Velocity
[26] Wind speed and air temperature profiles were used to calculate the u * . Generally, in arid regions, the surface boundary layer is strongly unstable in daytime and stable at night. When the wind speed is low, the accuracy of the u * calculation is decreased by instability of the boundary layer.
[27] In this study, before we calculated u * , we determined the roughness height z 0m at the zero-plane and the zeroplane displacement d 0 using the 10-min averaged wind speed and air temperature profiles, based on the data originally measured at 1-min intervals. Among the collected data, we selected the 10-min averaged wind directions between 200°and 340°to avoid distortion caused by the disturbance of other instruments on the SPC. In addition, data collected during strong winds, defined as 10-min averaged wind speeds larger than 8 m/s at 2.16 m height, were used to ensure stable boundary layer conditions. The calculations of z 0m and d 0 were iteratively performed using the selected wind and air temperature profiles. We obtained z 0m equal to 0.48 mm. This value is reasonable for a bare, unvegetated field [Oke, 1978] .
[28] In our observation, the anemometer at lower height was set at 0.5 m. Theoretically, q(z) is quite low when z is higher than 0.1 m height from the ground surface [Shao, 2005] . Influence of saltation layer on wind profile is less effective to calculate u * . Finally, we estimated u * , the friction temperature T * , and the Monin-Obukhov length L for every minute, setting z 0m = 0.48 mm and d 0m = 0 mm, using the maximum correlation method, which iteratively minimize the correlation coefficient between observed profiles and log profiles of wind speed and air temperature [Mikami et al., 1996] .
Calculation of the Saltation Mass Flux
) is a integration ofq(z, D si ), that is, the saltation mass flux of saltation particles of volume-averaged diameter D si in bin number i at the reference height z, as in the following equation:
whereq(z, D si ) is calculated by using SPC data with equation (6), below; and N max is the maximum number of bins (= 28, the number of SPC channels available for the analysis after temperature correction ). The q(z) was calculated for particles ranging from 84 (= D s1 ) to 629 mm (= D sNmax ) in diameter.
[30] Assuming a spherical particle shape,q(z, D si ) is given byq
where r s is the density of the particles, set at 2645 kg/m 3 ; A (= 2 mm Â 25 mm) is the measurement area of the SPC slit between the transmitter and the semiconductor laser detector, through which the particles pass; and N s (z, D si ) is the integrated number of particles of size D si during integration time T (= 60 s) measured by the SPC mounted at height z.
Calculation of the Dust Concentration
[31] The dust concentration c(z) at a reference height z was calculated by using the following equation:
whereĉ(z, D di ) is the c(z) for dust particles of diameter D di in bin number i. This is calculated from OPC data by using equation (8) D d(i+1) are the minimum and maximum particle diameters in bin i; and I max is the maximum number of bins available for the analysis (= 6). D d1 was 0.5 mm, and D d(I max +1) was 7.0 mm.
[32] Assuming spherical particles,ĉ(z, D di ) is given by the following equation: where
is the OPC-measured number of particles of size D di at the reference height z integrated over one minute of airflow at the air pump flow rate P (= 100 ml/min). Herein, the units ofĉ(z, D di ) are mg/m 3 . Strictly speaking, dust particles are not spherical, and the aspect ratio should be considered. However, we have no data from our site on the aspect ratio, which is difficult to measure for every particle every second by present instrumental techniques. Our result could be validated with knowing some probability density function for the aspect ratio.
Wind Erosion Events
Meteorological Conditions
[33] It was hot and dry during JADE-IOP. According to the monthly climate summary provided by the Austrian Government Bureau of Meteorology (http://www.bom.gov. au/announcements/media_releases/vic/20060403.shtml), March 2006 was marked by prolonged periods of high pressure centered in the Tasman Sea. These high-pressure systems directed warm northerly winds over Victoria and kept conditions sunny for most of the month. On 12 and 13 March, the dry conditions were interrupted by a cold front and an accompanying rainband.
[34] During the IOP, the mean air temperature at the site was 26.0°C and the relative humidity was 31.6%. The maximum recorded air temperature was 42.1°C. The mean soil temperature at 2 cm depth was 31.3°C, and the maximum and minimum soil temperatures were 53.3 and 9.3°C, respectively.
Dust Events
[35] The soil moisture was very low and did not constrain dust emission during JADE-IOP except on the last two days (12 and 13 March). There were 12 dust events in all, as indicated by the SPC data. Four very small (<0.2 mm) rainfall events were observed on 12 and 13 March. Despite these lowprecipitation events, strong dust events were still observed. Of the 12 dust events, we concentrate here on the last three events: events 10, 11 and 12 (Table 2 and Figure 3) , when the ground surface conditions were changed by precipitation and crust formation, providing a good opportunity to evaluate the effects of soil moisture and crust formation on wind erosion processes. Figures 3 and 4 show the temporal variations in the wind direction and u * , and q(z), respectively. We divided events 10 and 11 into subevents, labeled with numbers and letters, on the basis of SPC and u * data.
[36] Event 10 began on 9:55 local time (LT) on 12 March and continued for 9 h 18 min. This event can be broken into two parts. Subevent 10-A began at 0955 LT and ended at 1746 LT. The wind was predominately from the NW, with a decreasing wind speed, during this event. The maximum SPC reading during 10-A was at 1022 LT ( Figure 4) . The second highest peak of q(z) during the IOP occurred later in the day during 10-B and was associated with a short burst of a maximum wind speed of 11.3 m/s at 2.16 m height (u * = 0.53 m/s), as well as with a change in wind direction from the NW to the SW for about 11 min and a small amount of precipitation (event r 1 ) (Figures 5 and 6 ). We validate rain sensor signal r in section 4.3.
[37] Event 11 was characterized by a wind direction change (from N to SE). The highest peak of q(z) during the IOP was recorded at 21:13 LT on 12 March (11-D; Figure 4 ) with wind speed of 12.6 m/s at a 2.16 m height (u * = 0.59 m/s) accompanied by a small amount of precipitation (r 2 ) ( Figure 6 ). Two other subevents (11-E and 11-F) were also recorded at 2150-2216 LT and 2226-2234 LT on the same day, when southerly winds were prevalent.
[38] Event 12 started at 0954 LT on 13 March after precipitation event r 4 and crust formation. Winds blew from the south, u * ranged from 0.2 to 0.43 m/s, and the maximum of u * was a little lower than that during events 10 and 11.
[39] The q(z) showed a clear height dependence (Figure 4 ): q(z) recorded at a 0.05 m height was greater than that recorded at 0.1 and 0.3 m heights, as reported by previous studies [Zobeck and Fryrear, 1986, Mikami et al., 2005b; Shao, 2005] .
[40] Owing to the instrumental setup of the SPCs (see the photograph provided by Mikami et al. [2005b] ), the data are compromised for some wind directions. In this experiment, the horizontal crossbar supporting the SPCs was orientated N-S. The SPC at 0.05 m height was the closest to the southern support pole. Thus, when the wind blew from the south, the 0.05-m SPC was in the shadow of the pole, resulting in underestimation of the particle count. This interpretation is supported by data that indicate that q(0.05 m) was less than q(0.1 m) when the wind direction was 180 ± 10°. Therefore, the q(0.05 m) data for this wind direction range (event 12 data) were excluded from our analysis. q(0.1 m) and q(0.3 m) did not show any sign of such a flux inversion, so these data were included in the analysis. Events 10 and 11 showed no signs of interference from the support poles.
Precipitation Events
[41] Before 12 March, no precipitation was observed during the IOP and the surface soil was very dry; the gravimetric water content w oven at 0-0.5 cm depth was about 0.01 g/g ( Figure 5 ). However, from the evening of 12 March to the morning of 13 March, the rain sensor detected several very small precipitation events (Figures 5 and 6 ), indicated by falls in the signal r of the rain sensor. These events, designated r 1 , r 2 , r 3 , and r 4 , were not detected by the tippingbucket rain gauge, indicating that the total precipitation associated with each event was less than 0.2 mm. We actually observed these rain events while we were on the site or at the base camp, some 10 km from the site.
[42] For r 1 , r 2 , and r 3 , no soil sampling data were collected because they occurred in the evening, but the surface soil at 0 -0.5 cm depth was sampled in the morning after event r 4 , at 1012 LT on 13 March and then again at 1115 LT ( Figure 5) . w oven at 1012 LT had increased to 0.025 g/g compared with the values before the precipitation events, and the ground surface was visibly wet, but by 1115 LT w oven had decreased to 0.012 g/g, and the ground surface was already dry because of rapid evaporation.
[43] The temporalvariation of gravimetric soilwater content w TDR , measured by TDR sensor is also shown in Figure 6 . The w TDR was calculated from the TDR-measured volumetric soil water content q TDR using the relation w TDR = q TDR /(1 À n)r s , assuming a uniform r s and porosity n (= 0.47), and calibrated by using w oven determined on samples from the site. Before this calculation, the temperature dependence of q TDR was calibrated using calibration equations provided from the manufacturer [Campbell Scientific, Inc., 2002] . The quick responses of w TDR at 0.2-2 cm depth corresponded to the precipitation events shown by the decrease in r in Figure 6 . A fact of small amount of precipitation was clearly measured by the TDR sensor.
Results
Effect of Soil Moisture on q(z)
[44] Three rainfall events (r 1 , r 2 , and r 3 ) resulted in quick increases in surface soil moisture w TDR (Figure 6 ). The first two rain events (r 1 and r 2 ) had little impact on q(0.1 m) Figure 6 . Temporal variations in the rain sensor signal r, the TDR-measured soil water content w TDR at 0.2-2 cm depth, u * , and q(z) at 0.1 m height during subevent 10-B, and subevents 11-D, 11-E, and 11-F. Subevent 11-E was from 2150 to 2216 LT, and subevent 11-F was from 2226 to 2234 LT. during dust subevents 10-B, 11-D, and 11-E. However, once w TDR exceeded about 0.013 g/g, after rain event r 3 , q(0.1 m) was zero during dust subevent 11-F, even when strong winds blew. Comparison of q(0.1 m) between subevents 11-E and 11-F (Figure 7) illustrates this point.
[45] The q(0.1 m) during subevent 11-E increased with u * when u * exceeded 0.3 m/s, while during subevent 11-F q(0.1 m) was almost zero even when u * increased to 0.48 m/s. This results indicates that u *t increased as a result of the increase in soil moisture and then q(0.1 m) was zero. From Figure 6 , the soil moisture threshold, which is the value when f w become more than one, can be estimated to be 0.013 -0.015 g/g.
Dust Concentrations Under Wet Conditions
[46] Gillette [1977] showed by field measurements that the vertical dust flux F is dependent on u * . Its dependence was assumed to be described by the proportional relation F = au * a , where a and a are essential empirical parameters, on the basis of observations by Nickling and Gillies [1989] and Shao et al. [1993] and modeling by Gillette and Passi [1988] . On the basis of the results of another experiment undertaken in Australia, Nickling et al. [1999] reported that F was proportional to Q raised to the power of 1.55. F/Q is also proportional to p s (D i ), s m , and h ci in equation (1) [Shao, 2001] as well as to the relative clay content [Marticorena and Bergametti, 1995] . In this study, as a first approximation, we assumed that the relation between q(z) and c(z) was similar to that between Q and F: namely, when q(z) increases, c(z) also increases.
[47] Figure 8 shows the relationship between c(z) and u * during subevents 11-E and 11-F. Similar to q(z) (Figure 7) , c(z) showed major differences between subevents 11-E and 11-F, with c(z) is being very low during the latter event, after soil moisture had increased. This result is not surprising because no dust emission occurs when there is no saltation (equation (1)), and is consistent with this saltation bombardment theory [Shao et al., 1993] .
The q(z) With Weak Discontinuous Crusts
[48] During event 10, the soil surface was characterized by individual loose grains; that is, there was no crust. By event 12, a very weak discontinuous crust had formed. Figure 9 is a photograph, taken at 0930 LT on 13 March, of the crusting pattern on the ground surface formed by the impact and subsequent drying of raindroplets that fell during precipitation events. The photo clearly shows the discontinuous nature of the small, circular crusts on the ground surface. The diameter of the circular crusts ranged from 2 to 8 mm. These crusts were very weak and were easily destroyed by touching them.
[49] The soil moisture (w oven ) level had declined to 0.012 g/g at 1115 LT from 0.025 g/g at 1012 LT ( Figure 5) ; thus, the ground surface quickly recovered to its normal dry condition by the beginning of event 12, but the weak crusts remained. We could not use the q(0.05 m) data for event 12 for the analysis because of the distortion of the flow caused Figure 8 . Relationship between u * and the dust concentration c(z) at 1 m height during subevents 11-E and 11-F. by the SPC mounting pole, as mentioned in section 4.2. Hence, we used q(0.1 m) data and compared event 10 with event 12. Though the wind direction and maximum wind speed were not similar, the wind strength characteristics and the duration of each event caused by the intermittent strong winds were similar (Figure 3) .
[50] Figure 10 shows the relationship between q(z) and u * for uncrusted and weakly crusted conditions (events 10 and 12). The q(z) to u * relationship is almost the same for the two events. This indicates that the weak crust created by a small precipitation event had little effect on the erodibility of the surface. This is because the ground had already dried when event 12 started. These data further highlight that this weak crust was insufficient to control the erosion (saltation) levels and that the crust binding force for saltation, which is related to f cr , was weak.
The c(z) With Weak Discontinuous Crusts
[51] Figure 11 shows c(1.0 m) for events 10 and 12. During both events, c(1.0 m) increased with u * , which is not surprising because of the strong links between saltation and dust emission. However, c(1.0 m) during event 12 was slightly smaller than that during event 10, indicating that c(z) can vary even when q(z) does not. This result indicates that the proportionality between c(z) and u * was dependent on ground surface conditions, such as p m (D) and the presence or absence of crust.
[52] Horizontal visibility at the site during event 12 was good at eye level (1.6 m). Empirically, visibility by the human eye is related to the concentration of fine aerosol particles, such as around 1 mm. Our actual experience reflects this empirical observation.
[53] In this paper, we have not discussed the height dependence of the dust concentration, nor have we performed vertical dust flux calculations. These topics will be examined in further analyses.
Particle Size Dependence of c(z) With Weak Discontinuous Crusts
[54] The results reported in sections 5.3 and 5.4 indicate that a weak crust had little effect on q(z) but did influence c(z). The OPC allows the dust concentration for each particle sizeĉ(z, D di ) to be examined in detail. Figure 12 showsĉ(z, D di ) at 1 m height for the uncrusted (event 10) and weakly crusted (event 12) conditions. The weakly crusted surface tended to emit lower levels of fine dust particles (0.5-3.0 mm). As the particle size increased, the difference is less noticeable. Coarse dust particles (3.0-7.0 mm) tended to have similar emission rates regardless of the presence of the crust. This result shows a clear particle size dependence of c(z) for the weakly crusted condition. This finding explains why c(1.0 m) during event 12 was only slightly smaller than that during event 10 (Figure 11 ). This result indicates thatĉ(z, D di ) depends on the change of ground surface conditions.
[55] The point here is that even though the surface had dried out by event 12, c(z) was changed compared to that during event 10. This indicates that c(z) is dependent on not only the amount of water per se but the ''water supply history.'' [McTainsh et al., 1997] at different times (on 12 and 13 March). The maximum particle size was set at 1000 mm. The samples were collected from 0 to 0.5 cm depth from the eroded uncrusted surface before precipitation r 1 on 12 March (labeled A in Figure 5 ) and from the weakly crusted surface after precipitation r 4 on 13 March (labeled B in Figure 5 ). The particle number fraction dN(D) (= N i+1 À N i ) and the volume fraction dV(D) (= V i+1 À V i ) for each particle size D and bin number i were normalized relative to the total number N and the total volume V, respectively, of the counted particles. The normalized values were expressed as dN(D)/N (= n(D)) and dV(D)/V (= v(D)).
[57] To facilitate examination of the PSD characteristics from various points of view, p m (D) of uncrusted and weakly crusted soils is presented in several different ways in Figure 13 : n(D) after logarithmic transformation in Figure 13a , v(D) without logarithmic transformation in Figure 13b , and v(D) after logarithmic transformation in Figure 13c . The n(D) distribution shows the characteristic PSD over a wide range of particle sizes from fine to coarse. The coarse fraction increased after precipitation, with a corresponding decrease in the fine fraction (Figure 13a) , but the volumetric PSD shows that the sand particles distribution did not change (Figure 13b ). In addition, the volume of dust particles showed a decrease after precipitation (Figure 13c ). These results suggest two possible explanations: the finer particles may have been picked up by wind during dust events 10 and 11, or they may have become bound to the larger particles during the precipitation events.
[58] The comparison between p m (D) and p f (D) before precipitation events (Figures 14a and 14b) shows that this difference is small. This result indicates that dust particles were not aggregated on 12 March and available dust was easily eroded. This result is consistent with observations that a number of dust events occurred at the site during the IOP before precipitation events. However, after precipita- Figure 12 . Relationship between u * and the dust concentrationĉ(z, D di ) at 1 m height for event 10 (no crust) and event 12 (weak crust). The data were averaged over 0.5 m/s increments and the error bars show the standard deviation. tion events (Figures 14c and 14d) , a large difference in the proportion of dust particles of p m (D i ), especially with particle sizes below 10 mm, was observed. This indicates that a number of aggregated dust particles were present on the weakly crusted surface and the proportion of available dust for emission was small. It is assumed that p m (D i ) of dust particles is strongly related to crust and aggregation binging forces for dust emission.
[59] A possible explanation for these observations is that dust particles (1) adhere to the sand particles or (2) aggregate together when the soil is wetted by precipitation events and then dried by evaporation. Therefore, once a crust has formed, the dust particles are ''locked up'' and not available for dust emission. Even if the crust is broken up by the saltation activity, we assume the c(z) would not return to the event 10 condition immediately because the finer dust particles would still be more strongly aggregated.
Particle Size Distribution of Suspended Dust With Weak Discontinuous Crusts
[60] Figure 15 shows PSDs of suspended dusts p s (D) under different crust and wind speed conditions based onĉ(z, D di ) data. Dust particles which have small binding forces can be easily lifted by aerodynamic entrainment [Loosmore and Hunt, 2000] . The p s (D) for the uncrusted condition does not change whether u * is strong (not necessary extremely strong) or not (Figure 15a ). This is because the difference between p m (D) and p f (D) was small (Figure 14b) , which means the parent soil was strongly disturbed on 12 March. This result agrees with the theoretical representation of p s (D), namely, p s (D) ! p m (D) for weak erosion and p s (D) ! p f (D) for strong erosion [Shao, 2001] .
[61] A clear difference is seen for the weakly crusted condition (Figure 15b ). Finer dust fraction decreases with increase of u * , that is, the PSD mode changes from fine to coarse. This means coarser dust particles more erodible when u * increases for the weakly crusted condition.
[62] Hillel [1998] mentioned that soil moisture was retained in the soil as water wedges and as water films when soil moisture was lower than the field capacity. When dust particles aggregate together or adhere to the surfaces of sand grains because of soil moisture, it is assumed that the contact area of the water formed between sand and coarse dust may be relatively large compared with that between sand and fine dust. A larger contact area evaporates more easily (quickly) than a smaller one as the soil dries. This assumes that interparticle cohesive force for coarser dust particles is weaker than that for finer dust particles. Iversen and White [1982] described the increased of u *t for finer particles associated with finer particle size. The interparticle cohesive force might be more enhanced when the weak crust was formed.
[63] As a result, we can explain that (1) suspended dust particles are particle size dependent, (2) p s (D) depends on u * and ground surface condition, and (3) aggregation binding force of coarser dust particles would weaken as the soil dries.
Conclusion
[64] Using both SPCs and OPCs, we observed the relationships between q(z) and c(z) under different ground surface conditions: (1) wet or dry, and (2) uncrusted or weakly crusted conditions, resulting from the impact and subsequent drying of raindroplets after a small amount of precipitation, in a fallow field, formerly cultivated with wheat, in Australia.
[65] This study clarified that soil moisture enhanced crust and aggregation and that c(z) depend on ground surface conditions.
[66] First, we confirmed that when q(z) decreased because of an increase of soil moisture c(z) also decreased (Figures 7  and 8 ). This finding is in agreement with the saltation bombardment theory.
[67] Second, q(z) under the uncrusted condition was similar to that under weakly crusted condition, but c(z) decreased slightly in the weakly crusted conditions (Figures 10 and 11 ). This is because the weakly crusted surface tended to emit lower amounts of fine dust particles (0.5 -3.0 mm), though it tended to emit coarse dust particles at similar rates (3.0 -7.0 mm) regardless of the presence of the crust (Figure 12 ). This result indicated that the proportionality between c(z) and u * was dependent on ground surface conditions, such as p m (D) and the presence or absence of crust. The point here was that even though the surface had dried out, c(z) was changed. This indicated that c(z) was Figure 15 . Particle size distributions of suspended dusts measured by OPC at 1 m height during (a) event 10 (no crust) and (b) event 12 (weak crust) under different friction wind velocity conditions. dependent on not only the amount of water per se but the ''water supply history.''
[68] Third, p m (D) and p f (D) showed that many available dust particles have been present on the ground before precipitation, while they became strongly aggregated under the weakly crusted condition after precipitation (Figures 13  and 14) . It was assumed that p m (D) of dust particles was strongly related to crust and aggregation binging forces for dust emission.
[69] Finally, the mode change of p s (D) from fine to coarse with increase of u * for the weakly crusted condition assumed that coarser dust particles more erodible (Figure 15a ). The p s (D) for the uncrusted condition did not change whether u * was strong or not (Figure 15b ). These results agreed with the theory described by Shao [2001] .
